Objectives. The analgesic mechanism of longlasting exercise on neuropathic pain is not well understood. This study explored the effects of swimming training on neuropathic pain and the expression of irisin, GAD65, and P2X 3 after chronic constriction injury (CCI) of the sciatic nerve.
Introduction
The treatment of neuropathic pain consists predominantly of pharmacological therapies, which have limited efficacy and are often associated with side effects [1] . Alternative, nonpharmacological approaches may provide therapeutic options for chronic pain. Exercise training is increasingly used as an adjunctive therapeutic strategy to treat neuropathic pain after nerve injuries [2] . Support for the application of exercise training is strengthened by a growing body of evidence demonstrating that acute and chronic treadmill exercise [3] [4] [5] and swimming [2, [6] [7] [8] have positive effects on functional recovery and remission of neuropathic pain. However, there is conflicting evidence regarding the effects of both acute and chronic exercises. Cobianchi et al. (2010) [4] showed that an intense and acute exercise reduced mechanical allodynia in the chronic constriction injury (CCI) model of neuropathic pain. In contrast, chronic exercise was detrimental for regeneration and neuropathic pain. Quintero et al. (2000) [6] demonstrated that three swimming sessions in 24 C to 26 C water reduced nociceptive thresholds and increased pain. Thus, the consequence of chronic exercise training on pain following nerve injury is not well understood.
ATP regulates pain transmission by acting on both the peripheral (PNS) and central nervous system (CNS) [9] , and it may play a prominent role in both inflammatory and neuropathic pain [10, 11] . It activates purinergic homomeric P2X 3 receptors in DRG neurons, thereby transmitting sensory information from the periphery to the spinal cord [12, 13] . It has been shown that nociceptive behaviors induced by ATP increase after nerve injury [14] . Alternatively, irisin, a newly discovered myokine, may have a contrasting role. Irisin is released into the circulation in response to cold exposure or exercise. Its release results in the conversion of white adipose tissue to brown by means of enhancing uncoupling protein-1. This process helps dissipate energy stored in adipose tissue as heat and defends against obesity [15] . Serum irisin levels have been shown to increase after acute exercise in humans [16] and animals [15, 17] , but remain unchanged following chronic exercise [18, 19] . Increased irisin levels therefore result in a shift toward a greater capacity for releasing heat instead of aerobic ATP provision. Moreover, Dun et al. (2013) [20] showed that in cerebellar Purkinje cells nearly all irisin-immunoreactive cells were glutamate decarboxylase (GAD) positive. GAD is an enzyme that catalyzes the decarboxylation of glutamate (i.e., an excitatory neurotransmitter) to GABA (i.e., an inhibitory neurotransmitter) in the nervous system [21] . Loss of GABAergic inhibitory interneurons in the superficial dorsal horn of the spinal cord is associated with reductions in GAD65, which contributes to neuropathic pain [22, 23] . This raises the possibility that irisin-immunoreactive cells are GABA-expressing cells [20] . Additionally, activity-based treatments may play a critical role in modulating the expression of irisin within the nervous system, which may therefore influence pain sensation. Albayrak et al. (2015) [24] demonstrated that the administration of methylprednisolone and carnosine, both alone and in combination, significantly increased irisin immunoreactivity of brain and spinal cord tissues of spinal cord-injured rats. Therefore, the purpose of the present study was to evaluate the effects of swimming training in a CCI model of peripheral neuropathic pain and assess the involvement of irisin, GAD65, and P2X 3 in exercise-induced analgesia.
Methods

Animals
Thirty-five adult male Wistar rats (180-220 g) were purchased from the Animal House of Iran University of Medical Sciences. The animals were housed in group cages (three or four rats per cage, with a dimension of 48 Â 37.5 Â 21 cm), allowed free access to food and water, and maintained with controlled room temperature (24 C), humidity (approximately 50% relative humidity), and a 12-hour light/dark cycle (6:00 AM to 6:00 PM). All procedures were approved by the animal care committee of Iran University of Medical Sciences. Rats were randomly assigned to one of five groups: 1) no CCI and no swimming (control); 2) swimming without CCI (SW); 3) swimming with CCI (CCISW); 4) CCI without swimming (CCI); and 5) sham CCI surgery (sham CCI). Swimming Training, Irisin, and Neuropathy
Experimental Design
The experimental design is presented in Figure 1 . First, we evaluated baseline behavioral signs of reflex responses to mechanical, cold, and heat stimuli. Rats in all groups then had three sessions of habituation to swimming over a one-week period. After the habituation to swimming, the left sciatic nerve was constricted to induce neuropathic pain in the CCI and CCISW groups. The animals were allowed to recover from the surgery for three days before conducting postsurgery behavioral tests. The rats in the SW and CCISW groups then underwent four weeks of swimming training. Behavioral tests were repeated every week over the four-week intervention period and 18 hours following the last swimming session to ameliorate the acute effects of exercise and stress. All behavioral assessments were tested between 9:00 AM and 12:00 PM.
Swimming Training
Three sessions of habituation to swimming were first performed over a one-week period (Table 1) . Rats were individually placed in a plastic container (diameter ¼ 50 cm; depth ¼ 65 cm) filled with warm water (34-37 C) . Initial training bouts consisted of short 10-minute bouts of exercise interspersed with five-minute rest periods (Table 1) . Training sessions were performed five times per week over the four-week training period (20 training sessions). The duration of each bout was gradually lengthened over the course of the four-week intervention [7, 8] . The swimming rats were continuously monitored for floating behavior. Floating was discouraged by stirring the water to create a current [8] . After each exercise session, animals were gently dried with a hairdryer.
Chronic Constriction Injury of Sciatic Nerve
The CCI surgery was used as a model of peripheral nerve injury as described by Bennett and Xie (1988) . Briefly, rats were anesthetized intraperitoneally with a mixture of ketamine (80 mg/kg) and xylazin (10 mg/kg) prior to surgery. The left sciatic nerve was exposed at the midthigh level and isolated from the surrounding tissue. Four loose ligatures (chromic gut 4-0) were tied proximal to the sciatic trifurcation at 1-mm intervals. The incision was then closed with 4-0 silk sutures [8] .
Behavioral Tests
Withdrawal Threshold for Mechanical Hyperalgesia
The mechanical paw withdrawal threshold was examined with an analgesiometer (Ugo Basile, Italy), using the Randall-Selitto method for the assessment of mechanical hyperalgesia. This instrument exerts a force that increases at a constant rate. The force was applied to the plantar surface (48 g/s), which was placed on a small plinth under a cone-shaped pusher with a rounded tip (1.5 mm in diameter). The paw was then placed under the pusher until the rat reacted with vocalization or started to exhibit the flight or struggle response [25] . Mechanical paw withdrawal was tested twice at 10-minute intervals and was calculated as the average of two consecutive measurements. In the case of a lack of response, the test was ended at 1,000 g (25 in scale units).
Withdrawal Threshold for Tactile Allodynia
Prior to the assessment of tactile allodynia, the rats were acclimatized by being placed on a wire mesh floor covered with a clear plastic rectangular chamber for 15 minutes. The threshold for tactile allodynia was measured through the use of von Frey filaments. Eight von Frey filaments of different diameters were used in an up-and-down manner to assess the withdrawal threshold [26] . The filaments were applied vertically to the plantar skin of the hind paw for five seconds and bent slightly. Withdrawal responses, usually followed by lifting, shaking, or licking the paw and running away, were considered positive. In the absence of a paw withdrawal response to the filament, the test was repeated with the next higher force filament. In the event of paw withdrawal, the test was repeated with the lower force filament. If the strongest filament did not elicit a response, the threshold was recorded as 15 g [25] .
Cold Allodynia
Prior to the assessment of cold allodynia, the rats were acclimatized by being placed on a wire mesh floor covered with a clear plastic rectangular chamber for 15 minutes. Using a 100-mL syringe, acetone was pushed onto the plantar surface of the animal's paw. The testing was repeated five times at five-minute intervals. The number of paw withdrawals, such as foot shaking or licking, was considered a nociceptive response and presented as a percentage ([number of paw withdrawals/number of trials] Â 100) [25] .
Withdrawal Latency for Heat Hyperalgesia
Heat withdrawal latency was evaluated through the Hargreaves method for the assessment of heat hyperalgesia. The animal was restrained using a perspex enclosure. After a 15-minute acclimation period, the rat's hindpaw was exposed to a beam of infrared radiant heat by the plantar test apparatus (Ugo Basile, Comerio, Italy). When the animal withdrew its paw, the radiant heat source and a timer measuring the duration of the stimulus were automatically stopped. The withdrawal latency was the interval between the activation of the heat source and the paw withdrawal. A limit of 25 seconds was used to prevent damage to the paw. Withdrawal latencies were tested three times at five-minute intervals and averaged [5, 8] .
Western Blotting
All rats were sacrificed 48 hours following the last swimming training session after anesthetization by mixture of ketamine (80 mg/kg) and xylazin (10 mg/kg). L4-L6 spinal cord segments ipsilateral to the nerve injury were harvested and washed out by normal saline and then immediately frozen in liquid nitrogen. The frozen samples were transferred to a -80 C refrigerator for future use. The samples were lysed in RIPA buffer containing protease and homogenized two times. The supernatant was collected after centrifugation at 13,000 g for 20 minutes at 4 C. Total protein of the supernatant was determined using the Bradford protein assay, and equal amounts of total protein were run on a 10% SDS-PAGE. The resolved proteins were then transferred from the gel to a nitrocellulose membrane. Afterward, the membrane was incubated in blocking buffer (1xTBS, 0.1% Tween-20 with 5% fat-free dry milk) for two hours and incubated overnight at 4 C with specific primary antibodies against irisin (1: 1,500, pab0913-P, Covalab, Cambridge, UK), GAD65 (1: 1,000, orb10680, biorbyt, Cambridge, UK), P2X 3 (1: 1,000, ab10269, abcam, Cambridge, UK), and b-actin (1: 5,000, ab8227, abcam, Cambridge, UK). After washing with TBST buffer for 10 minutes, three times, the membrane was incubated with goat antirabbit IgG-HRP secondary antibody (1: 6,000, sc-2004, Santa Cruz Biotechnology, CA, USA) or antirabbit IgG secondary antibody conjugated with alkaline phosphatase (1: 7,000, ab97197, abcam, Cambridge, UK) for one hour at room temperature. After washing the membrane with TBST buffer for 10 minutes, three times, the bands were detected by ECL detection reagents (Amersham ECL Advance Kit, GE Healthcare) and x-ray film in the dark room or by chromogenic substrate 5-bromo-4-chloro-3-indolyl phosphate. Western blots were quantified by TotalLab software.
Statistical Analysis
All results are reported as mean 6 SEM. The Kolmogorov-Smirnov test was used to test the normality of the distribution. Behavioral data were analyzed using an analysis of variance for repeated measures (5 groups Â 6 times), and protein levels were analyzed using one-way analysis of variance. When a significant difference was revealed, the Tukey's or Bonferroni's post hoc test was used to specify where the difference occurred. Effect size was calculated using Partial Eta Squared (Partial˛2). The level of significance was set at P 0.05. All data were analyzed by the SPSS software package (SPSS for Windows, version 16.00; SPSS Inc., Chicago, IL, USA).
Results
Body Mass
The change in body mass of the rats during the experiment is shown in Figure 2 . No significant differences were observed in body mass at baseline. Analysis of Swimming Training, Irisin, and Neuropathy variance for repeated measures showed significant main effects for time (P < 0.001) and interaction between time and groups (P ¼ 0.001) (Figure 2 ). Post hoc analysis revealed that there were no significant differences among the groups at baseline or the first, third, or fourth weeks of the training. But significant differences were detected between CCI and SW groups at post-CCI surgery (P ¼ 0.042) and between control and CCISW (P ¼ 0.050) and between sham CCI and CCISW at the second week of the training (P ¼ 0.045) (Figure 2 ).
Effects of Swimming Training on Mechanical and Heat Hyperalgesia
Before CCI, there were no significant differences among the five groups in withdrawal latency and mechanical nociceptive threshold (P > 0.05). We also did not observe any significant changes for mechanical and heat thresholds over the time course in the control group (P > 0.05) ( Figure 3A and B) . In addition, withdrawal thresholds for mechanical and heat stimuli were not significantly changed for rats in the SW group over time (P > 0.05) ( Figure 3A and B) , suggesting that the swimming training protocol used here did not produce hyperalgesia or analgesia in naïve rats.
Withdrawal thresholds for noxious mechanical (P < 0.001 for the interaction between time and groups; Partial 2 ¼ 0.434) ( Figure 3A ) and heat stimuli (P < 0.001 for the interaction between time and groups; Partial˛2 ¼ 0.415) ( Figure 3B ) were significantly lower for the groups with nerve ligations compared with the groups without nerve ligations. Post hoc analysis revealed that the withdrawal threshold for the mechanical stimulus for the CCISW group was significantly higher than that of the CCI group at the second through fourth weeks of the training (P < 0.05) ( Figure 3A ). Attenuation of heat hypersensitivity was detected in the CCISW group compared with the CCI group at the third and fourth weeks of the training (P < 0.05) ( Figure 3B ). In addition, no significant differences were observed between the CCISW and sham CCI groups at the second through fourth weeks of the training (P > 0.05) ( Figure 3B ). 
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Effects of Swimming Training on Cold and Tactile Allodynia
No significant differences were observed in baseline paw withdrawal threshold in the tactile allodynia test, or in the percentage of withdrawal responses in the acetone test among animals in different groups (P > 0.05). We also found that the withdrawal thresholds in the cold and tactile allodynia did not significantly change over the time course in the control group (P > 0.05) ( Figure 4A and B) . CCI of the sciatic nerve resulted in the development of cold (P < 0.001 for the interaction between time and groups; Partial˛2 ¼ 0.635) ( Figure 4A ) and tactile (P < 0.001 for the interaction between time and groups; Partial˛2 ¼ 0.411) ( Figure 4B ) allodynia for the groups with nerve ligations compared with the groups without nerve ligations. Figure 4A shows changes in the percentage of withdrawal responses over the time course. In this test, the percentage of withdrawal responses for the CCISW group was significantly lower than that of the CCI group only at the fourth week of the training (P ¼ 0.019) ( Figure 4A ), but was still significantly higher than the other groups. In the tactile allodynia test, withdrawal threshold of the CCISW group was significantly higher than the CCI group at the third and fourth weeks of the training (P < 0.05) ( Figure 4B ). Moreover, no significant differences were detected between the CCISW and sham CCI groups at the second and third weeks of the training (P > 0.05) ( Figure 4B ).
Effects of Swimming Training on the Protein Levels
Analysis of irisin protein in L4-L6 spinal cord segments ipsilateral to the nerve injury revealed higher expression in the CCI group compared with the CCISW group at day 33 post-CCI surgery (P ¼ 0.039) ( Figure 5 ). Compared with the SW group, we also observed a higher expression of irisin in CCI and sham CCI groups (P ¼ 0.016 and P ¼ 0.026, respectively) ( Figure 5 ). 
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In addition, CCI surgery significantly decreased the protein expression of GAD65 in L4-L6 spinal cord segments (P ¼ 0.018) (Figure 6 ), whereas the swimming training intervention prevented the decline of GAD65 in the CCISW group. Protein expression of GAD65 in the CCISW and SW groups was significantly higher than the expression of GAD65 in the CCI (P ¼ 0.002 and P ¼ 0.001, respectively) ( Figure 6 ) and sham CCI groups (P ¼ 0.007 and P ¼ 0.003, respectively) ( Figure 6 ). Quantified data of P2X 3 protein expression showed no significant differences among the groups at day 33 post-CCI surgery (P > 0.05) (Figure 7 ).
Discussion
The main finding of this study was that swimming training for four weeks attenuated the progress of mechanical and heat hyperalgesia as well as tactile and cold allodynia in the CCI-induced neuropathic rats. This supports previous studies wherein exercise training blocked the development of peripheral neuropathic pain [5, 8, 27] . Furthermore, the swimming training significantly attenuated the reduction in GAD65 expression, which typically occurs following CCI and was evident in the CCI group. Swimming training also induced a reduction in irisin expression in the L4-L6 spinal segments, whereas P2X 3 receptor expression did not change.
Previous research has shown that although long-lasting treadmill running induced worsening of allodynia (associated with worsening of weight bearing and footprint parameters), intense and short-lasting exercise reduced mechanical allodynia in the CCI model of neuropathic pain [4] . Conversely, other studies have reported that 10-20 minutes of swimming in [24] [25] [26] C water for three days produced an enhanced heat hyperalgesia and nociceptive behavior following the subcutaneous injection of formalin at 24 and 48 hours postexercise. These impacts were also shown to still present at eight and nine days following the last swimming session [6] . In the present study, all the behavioral testing was performed 18 hours following the last swimming session to limit the impact of exercise-induced stress on behavior. In addition, the current study utilized a habituation period whereby rats underwent three progressive swimming training sessions over a one-week period in warm water (34-37 C). As reported, habituation and swimming in warmer water facilitate exercise-induced antinociception [7] . Nerve ligation in the CCI group led to a constant increase in the severity of pain felt in the paw ipsilateral to the nerve ligation. Swimming training alleviated the tactile allodynia and heat hyperalgesia in the final two weeks of training, while mechanical hypersensitivity improved earlier, at the second week of the training, with continued improvement until the end of the experiment. Chen et al. (2012) [5] demonstrated that swimming and treadmill running ameliorated heat hyperalgesia and mechanical allodynia following 21 days of training. In a model of spinal nerve ligation, treadmill running was Figure 6 Western blot analysis of GAD65 extracted from the L4-L6 spinal segments ipsilateral to the nerve injury among the five groups. *Significant differences compared with CCI group. † Significant differences compared with Sham CCI group. All samples were normalized to b-Actin. Data are represented as mean6SEM. CCI ¼ chronic constriction injury; CCISW ¼ swimming with chronic constriction injury; SW ¼ swimming without chronic constriction injury. shown to ameliorate heat hyperalgesia and tactile allodynia at the third week of training [27] . The time course for improvements in heat hyperalgesia and mechanical allodynia was similar between these studies, occurring between the second and third weeks of training, whereas improvements in cold allodynia appear to be delayed until the fourth week of training in the present study. The only other study to evaluate cold allodynia revealed that extended swimming exercise declined cold allodynia on day 18 and day 25 after partial sciatic nerve ligation [7] . The volume and intensity of training is important, as it has been shown that strenuous exercise can increase pain sensations in individuals with fibromyalgia [28] . It has also, however, been demonstrated that high-intensity swimming exercise can reduce mechanical allodynia in a mouse model of complex regional pain syndrome type I [11] . For this reason, it is important to monitor the intensity and volume of each swimming session. This was accomplished in the current study by monitoring the amount of feces released into water.
Several mechanisms have been implicated as potential underlying causes of exercise-induced analgesia, including enhanced inhibitory activity mediated by opioidergic [27, 29] , serotonergic [29] , or adenosinergic systems [11] . In the present study, we examined the contribution of irisin and GAD65 in the analgesic effects of swimming training in the CCI model of neuropathic pain. Fibronectin type III domain-containing protein 5 (FNDC5), a precursor of irisin, is present in a variety of tissues, including the spinal cord and brain [16] . Aydin et al. (2014) [17] found that skeletal muscle cells do not express irisin apart from a slight amount originating from the perimysium and nerve sheaths distributed within skeletal muscle. In addition, it has been reported that irisin is expressed in skeletal muscle and distributed around the cell membrane, with lower immunoreactivity close to the middle of the muscle cells [20] . Only a few studies have examined the physiological role of irisin in the nervous system [20, 24, 30] . Free-wheel running exercise for 30 days has been shown to induce FNDC5 expression in the hippocampus but not in other brain regions [30] . Albayrak et al. (2015) [24] showed that treatment with methylprednisolone and carnosine significantly increased irisin immunoreactivity of brain and spinal cord tissues in spinal cord-injured rats. Irisin was minimally increased in the spinal cord injury group compared with the control, but did not reach statistical significance. In the present study, irisin was slightly increased in the CCI group compared with the control group (P > 0.05), and we observed lower irisin expression in both training groups (SW and CCISW) in comparison with the CCI group ( Figure 5 ). Our findings support the hypothesis that irisin might have a different role in the nervous system, which is influenced by exercise training. Why irisin expression decreased in spinal cord tissues with swimming training is unknown, and there are no other reports to compare these findings. It is not clear whether the reduced irisin in the CCISW and SW groups is beneficial. A possible limitation to the current study is that we did not measure irisin in the cerebrospinal fluid (CSF).
GABAergic interneurons have an important role in the control of pain via the inhibition of nociceptive signals from primary afferent fibers to the central nervous system. Previous studies have reported that spinal nerve ligation results in reduced concentrations of spinal GAD and GABA, resulting in neuronal hyperactivation [23, 31] , and that GAD65 knockout mice demonstrate heat hyperalgesia in a hot plate test [32] . Lee et al. (2007) [33] administrated a recombinant adeno-associated virus-GAD65 to the dorsal root ganglion (DRG) of the spinal cord of rats. Both allodynia and hyperalgesia were attenuated following the expression of GAD65 in the DRG. In our study, the protein level of GAD65 was decreased in the spinal cord of neuropathic rats, but was significantly increased by swimming training. Previous literature has shown that protein kinase C (PKC) is activated by exercise [34] , and in turn regulates GAD65 by phosphorylation, resulting in its activation [31, 35] . Thus, we assumed that one of the analgesic mechanisms of swimming training is the increase of GAD65, which in turn modulates GABA synthesis and release. P2X 3 receptors are ATP-sensitive ligand-gated ion channels that are selectively expressed in nociceptive sensory neurons [36] . ATP released from injured tissue can stimulate nociceptive DRG neurons, which are mediated partly by P2X 3 receptors [37] via glutamate release [38] . High-level inflammation after nerve damage may greatly influence the expression of P2X 3 receptors in the DRG and spinal cord of CCI neuropathic rats [36, 39] . A previous study has reported an increase of P2X 3 receptors 14 days following CCI of the sciatic nerve [36] ; however, a significant reduction in neuronal P2X 3 immunoreactivity in the ipsilateral L5 and L6 DRG was also shown 15 days after spinal nerve ligation [40] . In the present study, there was no difference in P2X 3 receptor expression among the groups at day 33 post-CCI surgery. This suggests that increased P2X3 expression probably returns to control values at day 33 post-CCI. However, our results were limited because analyses were only performed on the spinal cord and we do not have the data from the DRGs for comparison with previous literature.
In summary, the current findings demonstrated that swimming training performed five times per week for four weeks can modulate the sensory hypersensitivity induced by peripheral nerve damage. Therefore, pharmacological approaches combined with swimming training should be considered an effective rehabilitative treatment. Such findings have significant implications given the severe side effects, which are often associated with traditional pharmaceutical treatments for neuropathic pain. In addition, our findings provided a mechanism that may contribute to the analgesic effects of swimming training in the treatment of neuropathic pain.
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